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ABSTRACT
The population of exoplanetary systems detected by Kepler provides opportunities to refine our understanding
of planet formation. Unraveling the conditions needed to produce the observed exoplanet systems will allow us
to make informed predictions as to where habitable worlds exist within the galaxy. In this paper, we examine
using N-body simulations how the properties of planetary systems are determined during the final stages of
assembly, when planets accrete from embryos and planetesimals. While accretion is a chaotic process, trends
emerge allowing certain features of an ensemble of planetary systems to provide a memory of the initial distri-
bution of solid mass around a star prior to accretion. We also use EPOS, the Exoplanet Population Observation
Simulator, to account for detection biases and show that different accretion scenarios can be distinguished from
observations of the Kepler systems. We show that the period of the innermost planet, the ratio of orbital periods
of adjacent planets, and masses of the planets are determined by the total mass and radial distribution of em-
bryos and planetesimals at the beginning of accretion. In general, some amount of orbital damping, either via
planetesimals or gas, during accretion is needed to match the whole population of exoplanets. Surprisingly, all
simulated planetary systems have planets that are similar in size, showing that the "peas in a pod" pattern can be
consistent with both a giant impact scenario and a planet migration scenario. The inclusion of material at dis-
tances larger than what Kepler observes (> 1 au) has a profound impact on the observed planetary architectures,
and thus on the formation and delivery of volatiles to possible habitable worlds.
Keywords: Exoplanets (498), Exoplanet formation (492), Planet formation (1241), N-body simulations (1083),
Planetary system formation (1257), Exoplanet dynamics (490)
1. INTRODUCTION
Terrestrial planets form through the piece-wise collisional
aggregation of solids spanning many orders of magnitude
in size, beginning with micron-sized grains and continuing
upward. The final stages of growth involve the accretion
of swarms of planetesimals and embryos, bodies measur-
ing hundreds to thousands of kilometers across. It is at
these sizes where gravitational interactions lead to changes
in the paths of these bodies around their central star, shifting
them from the roughly circular orbits they develop within a
gaseous protoplanetary disk, to more eccentric, crossing or-
bits, that result in collisions and thus growth. As protoplan-
ets grow larger in this manner, the gravitational interactions
work to space out the larger surviving bodies, isolating them
from one another as the initial building blocks are largely
cleared by further accretion, scattering out of the system, or
collisions with the central star. This leaves behind a fairly
stable system of planets, with a small amount of leftover pri-
mordial bodies (e.g. Raymond et al. 2014).
One possible outcome of this evolution is seen in the Solar
System today, with planets orbiting at relatively large sepa-
rations and with populations of small bodies within the aster-
oid belt, Kuiper Belt, and Oort Cloud. How the Solar System
achieved this structure has been the focus of a number of
studies that used N-body codes to simulate the final stages
of planetary growth, tracking how a distribution of embryos
and planetesimals interact and grow over time (e.g. Wether-
ill 1994; Chambers & Wetherill 1998; Chambers 2001; Ray-
mond et al. 2004, 2005, 2006, 2009; O’Brien et al. 2006,
2014; Bond et al. 2010a,b; Carter-Bond et al. 2012; Fischer
& Ciesla 2014; Walsh et al. 2011; Quintana et al. 2007; Quin-
tana & Lissauer 2014; Izidoro et al. 2013, 2014). The success
of these models in understanding the final stages of planet
formation has largely been evaluated by their ability to re-
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produce the properties of the Solar System. That is, key dy-
namical features (such as the mass of the asteroid belt, the
angular momentum of the planets, their mass distribution, the
low mass of Mars, and the timing of the last accretion event
of the Earth) have been used to constrain the orbital proper-
ties of Jupiter and Saturn during terrestrial planet formation
(O’Brien et al. 2006; Raymond et al. 2009), the radial distri-
bution of mass of the planetesimals and embryos (Raymond
et al. 2006), or the extent to which Jupiter migrated while the
solar nebula was still present (Walsh et al. 2011).
These studies have also found that similar initial condi-
tions can yield very different final planetary systems (e.g.
Lissauer 2007; Fischer & Ciesla 2014). The chaotic nature
of the final assembly phase presents a challenge when com-
paring our Solar System to the model outcomes. That is, it
cannot be said with certainty whether our inability to simul-
taneously match all of the properties of the Solar System is
due to the stochastic nature of the process and infinite number
of possible outcomes that could be produced or if the initial
conditions used in the models differ from those of reality.
While comparisons to the Solar System is a natural start-
ing point to understand this stage of evolution, the discov-
ery of thousands of exoplanetary systems has shown that our
planetary system represents just one possible outcome of the
planet formation process (e.g. Batalha 2014). The large num-
ber of systems discovered now allows us to identify general
trends and relationships between key properties that arise
during planetary assembly. Thus, these systems provide a
new opportunity to test our understanding of the final stages
of planet formation by investigating how well our models re-
produce general trends in observed exoplanet systems.
Here we report on our study that explores how the key
properties of planetary systems relate back to the initial con-
ditions when planetary accretion begins and what conditions
were necessary to produce the final architectures of the plan-
etary systems found around sun-like stars. Our goal is not
to define or identify the best, single set of conditions that
will reproduce the known planetary systems, but instead, to
understand the connections and relationships between initial
conditions that are responsible for defining the properties of
the systems that we see today as a means of understanding
formation pathways, and the bulk properties, for those plan-
ets (Apai et al. 2019).
Our approach here is to build a statistical framework in
which we can model the outcomes of various planet forma-
tion scenarios and evaluate them against the known systems
of exoplanets. Hansen & Murray (2013) carried out an initial
study with these goals, arguing that the known Kepler sys-
tems could have formed if the final stages of assembly began
with a massive disk of planetesimals concentrated within ∼1
au of their host stars. In particular, the distributions of orbital
period and planet radius, as well as the relative frequencies of
observed multi-planet systems produced in the models were
consistent with those real systems that had been detected.
Subsequent studies have corroborated and expanded on these
results, focusing on the dynamical effects of residual gas in
these simulations (Dawson et al. 2015, 2016) and explaining
the apparent excess of single-transiting systems (Moriarty &
Ballard 2016).
Currently, the number of Kepler planet candidates has
grown to over four thousand (Thompson et al. 2017) and the
survey detection efficiency has been thoroughly character-
ized (e.g. Burke et al. 2015; Christiansen et al. 2016), pro-
viding a more robust set of data to describe actual plane-
tary properties to which model systems can be compared to.
We explore a wide range of parameter space, and generate a
large number of model planetary systems in order to under-
stand the distribution of outcomes possible for a given range
of parameters. We then evaluate how well the distribution
of planetary properties produced by these initial conditions
compares to the Kepler dataset using the Exoplanet Popu-
lation Observation Simulator (epos1, Mulders et al. 2018,
2019). Again, we do not expect to identify a single set of
parameters or scenarios that describes the formation of all
known planetary systems; instead, we are evaluating whether
particular signposts of the imprints of the initial conditions
and process of planetary accretion can be identified within
the data sets. Success would then inform us of the formation
histories of these planets. In the next section, we describe
the various sets of initial conditions and dynamical effects
we considered in our simulations. The results of our simula-
tions, which are part of the Genesis database of the Earths
in Other Solar Systems project2, are presented in Section 3.
We compare the model results to the Kepler system using ver-
sion 3.0 of the new epos tool in Section 4 to evaluate how
well our models and assumptions about the final stages of
planet formation match the real planetary systems that have
been identified to date. We conclude with a discussion and
outline of future work.
2. DYNAMICAL SCENARIOS
In all of our simulations, we follow previous work by as-
suming the distribution of solids around a solar mass cen-
tral star follows a power law given by a surface density
σ = σo
( r
1 au
)−p
, where σo is the surface density at a semi-
major axis of r = 1 au with index p. This prescription de-
fines how much mass is available to build planets and how
radially concentrated it is with respect to the star. Some frac-
tion of this mass, fe, is assumed to be present in the form
of embryos which interact through gravitational interactions
with all other bodies in the system. The remaining fraction
1 https://github.com/GijsMulders/epos
2 http://eos-nexus.org/genesis-database
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of solids, fp = 1− fe, is taken to be present as planetesimals,
which are smaller, less massive objects that interact gravita-
tionally with the embryos but not with each other (a common
computational simplification for these type of simulations).
All of these bodies are then taken to be distributed across an
annulus ranging from an inner radius, amin, to an outer radius
amax, beyond which it is assumed no other solids are present.
In all cases, we assume that embryos are spaced an av-
erage of ∆=7.5 mutual Hill radii apart, and thus have ini-
tial masses and semi-major axes defined by the relations in
Kokubo & Ida (2000). For surface density slopes smaller
than p = 2, embryo mass increases with semi-major axis. Fol-
lowing Hansen & Murray (2013), the embryos are placed on
initial orbits that are nearly circular, with eccentricities ran-
domly assigned values between 0 and 0.001, and orbital in-
clinations are randomly assigned from 0 to 2◦. The orien-
tations of the orbits and the initial location of each body on
it is determined from a uniform distribution to define the fi-
nal set of orbital parameters. The initial orbital parameters of
the planetesimals are defined in a similar manner, although in
their case the individual planetesimal mass is fixed and semi-
major axes are chosen so that their distribution follows the
surface density profile. For the purposes of calculating the
radii of the bodies of interest, we assume a density of ρ=3
g cm−3. The inner edge of the simulations is set to half the
semi-major axis of the innermost body at the start of the sim-
ulations, and the timestep is set to 1/20 of the orbital period
at the cutoff distance. Bodies that pass interior to this cutoff
distance are removed from the simulation.
Each of the simulations we perform is initialized by defin-
ing the parameters described above (σo, p, fe, amin, and amax),
and for each set of parameters many individual simulations
are run with randomization of the orbital parameters as de-
scribed above. We refer to each of these as a Run Set. The
parameter values for all of the runs we consider here are listed
in Table 1. Figure 1 also shows how the initial conditions
compare across the various Run Sets, comparing and con-
trasting the initial radial distribution of the embryos and their
masses. Below we describe the broad categories of simula-
tions that we performed.
2.1. Embryo-only
We performed several sets of simulations that consisted
only of massive embryos ( fe=1) based on the initial condi-
tions used in Hansen & Murray (2013) that were found to
reproduce the broad properties of planetary systems in terms
of planet radii, orbital periods, and multi-planet frequency
in the Kepler catalog at the time. The nominal case (which
we refer to as Gen-HM) is chosen to approximately repro-
duce their simulations, with surface mass density profile ex-
ponent p=3/2, normalization factor σo = 50 g/cm2 at 1 au,
and embryos distributed between amin of 0.05 au and amax
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Figure 1. Starting surface density distribution for simulations with
different initial conditions. Symbol size is proportional to embryo
radius (assuming a constant density). The top panel shows simula-
tions with different inner and outer radii, vertically offset for clarity.
The bottom panel shows simulations with different surface density
normalization factors and exponents.
of 1 au. This gives 45 total embryos, with a total mass of
19 M⊕ (in comparison, Hansen & Murray (2013) had 32-38
embryos and 20 M⊕, likely due to a larger spacing between
embryos). In addition to the nominal case, we systemati-
cally explored a number of other initial conditions, varying
the radial range over which building blocks were distributed
(amin - amax, simulations Gen-I, Gen-IO, and Gen-O),
the normalized surface density σo at 1 au (Gen-O-s22,
Gen-O-s10, Gen-O-s5), and the exponent p of the power
law that describes how the mass is distributed with radius
(Gen-O-p1, Gen-O-p2. The surface density is a factor
of five higher than what is needed to produce the terres-
trial planets in the solar system (e.g. Raymond et al. 2006).
Most simulations were carried out for 10 Myr, though we
also ran many for longer periods of time (up to 80 Myr)
to explore how planetary system structure varies over these
longer timescales. The orbital evolution simulations were
performed using the SWIFTER version of the SyMBA inte-
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Table 1. Key parameters for the different sets of runs that we performed. Values not shown here that
were held constant across all runs are Mstar = 1 M, the initial embryo spacing ∆ = 7.5 mutual Hill radii,
embryo and planetesimal density ρ = 3 g/cm3, and initial eccentricity and inclination eo = 0.001 and io =
2o. The parameter values that were varied from the base model Gen-HM are denoted in bold face.
Run Name σo (g/cm2) p amin (au) amax (au) amin,gas (au) femb Nemb Nptsml Nrun
Gen-HM 50.00 1.50 0.05 1.00 n/a 1.00 45 0 50
Gen-P 50.00 1.50 0.05 1.00 n/a 0.75 51 1027 8
Gen-I 50.00 1.50 0.20 1.00 n/a 1.00 20 0 50
Gen-P-I 50.00 1.50 0.20 1.00 n/a 0.75 23 733 8
Gen-IO 50.00 1.50 0.20 4.00 n/a 1.00 32 0 50
Gen-P-IO 50.00 1.50 0.20 4.00 n/a 0.75 36 2055 8
Gen-O 50.00 1.50 0.05 4.00 n/a 1.00 56 0 50
Gen-O-p1 50.00 1.00 0.05 4.00 n/a 1.00 79 0 50
Gen-O-p2 50.00 2.00 0.05 4.00 n/a 1.00 44 0 50
Gen-O-s22 22.50 1.50 0.05 4.00 n/a 1.00 84 0 50
Gen-O-s10 10.00 1.50 0.05 4.00 n/a 1.00 126 0 50
Gen-O-s5 5.00 1.50 0.05 4.00 n/a 1.00 178 0 50
Gen-M-s50 50.00 1.50 0.05 10.00 0.05 1.00 62 0 50
Gen-M-s22 22.50 1.50 0.05 10.00 0.05 1.00 93 0 50
Gen-M-s10 10.00 1.50 0.05 10.00 0.05 1.00 139 0 50
grator (Duncan et al. 1998), which handles close encounters
and mergers3. We assume that all collisions result in perfect
mergers. Including fragmentation in the simulations would
prolong the time-scale for planetary accretion, but gener-
ally results in similar planet planetary system properties as
most collisional products are re-accreted on the same planet
(Chambers 2013).
2.2. Planetesimals and Embryos
We also performed sets of simulations with a population
of planetesimals distributed among the embryos (Gen-P,
Gen-P-I, and Gen-P-IO). These small bodies have been
shown to damp down the inclinations and eccentricities of
forming planets through dynamical friction (e.g., Wetherill &
Stewart 1993; O’Brien et al. 2006). In these cases, we used
the same total mass of solid materials as for our embryo-only
cases, but distributed it with 75% being present as embryos
initially ( femb = 0.75) and the remaining 25% initially being
contained in planetesimals. In our Gen-P case, which fol-
lows our nominal model, the planetesimal mass is distributed
as 1000 distinct bodies, giving an individual planetesimal
mass that is∼1/20 of the smallest embryo (∼0.005M⊕). The
individual planetesimal mass in Gen-P-I and Gen-P-IO
is similarly calculated as 1/20 of the mass of the smallest em-
bryos in those simulations, with the number of such bodies
varying according to the total mass in the simulation (see Ta-
3 http://www.boulder.swri.edu/swifter/
ble 1). We again used the SWIFTER version of the SyMBA
integrator for these calculations.
2.3. Planet migration
A key issue that can also affect the final architecture of
planetary systems is how much of the final stage of planetary
assembly occurs while the gas from the protoplanetary disk is
still present. To investigate the effects that nebular gas has on
the emerging planetary systems, we performed several sets of
simulations where we follow the dynamical evolution of em-
bryos while they are embedded in a gaseous protoplanetary
disk, leading to radial migration and damping of their eccen-
tricities and inclinations over time. In these cases, we use a
modified version of the Mercury integrator (Chambers 1999)
developed by Izidoro et al. (2017). This code incorporates
the 1-D time dependent density and temperature structure
model of a viscous disk (Bitsch et al. 2015), which was de-
rived from fits to a 2-D numerical hydrodynamical and radia-
tive transfer simulation. The dominant form of migration for
embryo-sized bodies is Type-1 migration, which is modeled
as in Paardekooper et al. (2010, 2011), using methods de-
veloped by Cresswell & Nelson (2008), Coleman & Nelson
(2014), Fendyke & Nelson (2014), and Papaloizou & Lar-
wood (2000). Tidal eccentricity and inclination damping of
the embryos is also included (Papaloizou & Larwood 2000;
Tanaka & Ward 2004; Cresswell & Nelson 2006, 2008). The
disk has a lifetime of 5 Myr, and the disk structure is updated
every 500 years with a resolution of 0.05 au. The disk dis-
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persal is described by an exponential decrease in disk surface
density with a e-folding timescale of 0.01 Myr, see Izidoro
et al. (2017) for details.
In the disk models, the relevant parameters are the metal-
licity (dust-to-gas ratio) of 0.01, adiabatic index γ=1.4 and
alpha viscosity α = 5.4×10−3. Together, they define the rate
of mass and angular momentum transport through the disk,
and the resulting temperature profile as a result of accretional
heating and stellar irradiation. While the code is able to ac-
count for stochastic effects from MRI-driven turbulence, it is
not included in the current simulations as Izidoro et al. (2017)
found that it did not have a significant effect. The inner edge
of the gas disk is set to 0.05 au (the same as the inner edge of
the initial embryo distribution in Gen-HM and Gen-O), and
the surface density near the inner edge is smoothed off using
a hyperbolic tangent (Izidoro et al. 2017, Eq. 4).
The specific setup of the gas disk model is one where plan-
ets migrate inward through a continuous disk and get trapped
near the inner edge of the gas disk and in orbital resonances
with each other. This scenario is consistent with the observed
peak in the location of planetary system inner edges at ∼ 10
days (Mulders et al. 2018; Carrera et al. 2019). We do not
explore alternate scenarios for trapping of planets farther out
on the disk, for example if the inner disk structure is modified
by MHD disk winds (Ogihara et al. 2015).
3. ARCHITECTURE OF SIMULATED PLANETARY
SYSTEMS
Our primary goal in running the suite of simulations de-
scribed above is to understand how the initial conditions of
the final stage of planet formation impact the properties of
the planetary systems that formed. The physical framework
for the final stages of planetary accretion is that as the initial
swarms of planetesimals and embryos around a star begin
to gravitationally interact, they perturb one another’s orbits,
leading to orbital crossings and collisions. Early on, these
collisions are frequent as the bodies begin tightly packed
and low in mass, yielding many accretionary events. These
events are more frequent close to the star, as the shorter or-
bital periods there allow for a greater number of orbital cross-
ing events in a given time, increasing the likelihood of accre-
tionary impacts. As bodies grow more massive, they begin
to dominate their local annulus, either accreting other bodies
or scattering them away from their neighborhood. As bod-
ies begin to dominate their local annulus, their gravitational
interactions with neighbors serve to keep these objects on
orbits that are more widely spaced and dynamically stable.
Collisions still occur as orbital perturbations can grow, but
such events typically become rarer as the number of bodies
in orbit around the star decreases.
While one might expect systems that begin with simi-
lar initial conditions to yield planetary systems with similar
Table 2. Simulated System Properties inside 1 au. Each column shows
the median value and 1-sigma ranges in each set of simulations of planet
mass, Mp, mass ratio, M, mutual inclination, i, period of innermost
planet, Pinner, period ratio, P , and number of planets per system N.
Run Name Mp (M⊕) M Pinner (days) P i (deg) N
Gen-HM 3.7+2.1−1.4 1.2
+0.94
−0.51 7.5
+8.4
−1.5 2.7
+1.1
−0.68 5.2
+4.6
−3.2 4
+1
−1
Gen-I 4.2+1.9−1.4 0.9
+0.98
−0.32 49
+22
−7.3 2.6
+0.89
−0.6 5
+3.8
−2.7 2
+1
−0
Gen-IO 8.9+2.3−2.6 0.78
+0.61
−0.21 78
+11
−17 4.2
+0.66
−1.4 14
+9.7
−5.6 1
+1
−0
Gen-P 2.2+1.1−0.59 1.1
+0.8
−0.41 6.1
+0.45
−0.69 2
+0.27
−0.33 1.8
+2.3
−0.85 6.5
+0.5
−0.5
Gen-P-I 2.8+0.66−1.3 1
+1.8
−0.28 38
+5.3
−5.2 1.8
+0.46
−0.29 1.1
+1.3
−0.54 4
+0
−0.89
Gen-P-IO 5.9+2.4−3 1.3
+1.3
−0.76 65
+16
−16 3.6
+0.71
−1.2 5.6
+3.6
−2 2
+0
−0
Gen-O 7.3+3.3−2.4 1
+0.5
−0.44 30
+21
−13 4.4
+4.7
−1.7 13
+8.9
−6.2 2
+1
−0.23
Gen-O-p1 7.1+4.5−2.7 1.7
+1
−1 54
+49
−29 5.8
+4.1
−3 16
+14
−8.1 1
+1
−0
Gen-O-p2 9.5+3.6−2.4 1
+0.55
−0.36 6.9
+6.7
−1.3 3.4
+1.5
−0.75 9.1
+7.1
−5.5 3
+1
−0
Gen-O-s22 2.2+1−0.81 1.2
+0.66
−0.54 11
+13
−3.5 3.1
+1.2
−0.88 9.2
+7.5
−5.1 3.5
+0.5
−0.5
Gen-O-s10 1+0.46−0.34 1.3
+0.6
−0.43 17
+12
−9.4 3
+1.3
−0.65 8.6
+7.9
−3.9 3
+1
−0
Gen-O-s5 0.17+0.094−0.054 1
+0.77
−0.43 5.5
+0.5
−0.47 1.6
+0.22
−0.2 3.4
+2.7
−1.9 10
+0.7
−1
Gen-M-s50 6.2+2.9−2 1.1
+0.45
−0.54 2.9
+1.9
−0.92 1.5
+0.17
−0.17 0.13
+0.79
−0.12 10
+2
−2.4
Gen-M-s22 2.3+2.6−1.1 1.1
+0.96
−0.58 3.3
+9
−1.2 1.5
+0.75
−0.25 0.31
+2.5
−0.3 8.5
+4.5
−4.5
Gen-M-s10 0.99+0.89−0.5 0.99
+0.72
−0.46 3
+1.5
−0.81 1.4
+0.39
−0.21 0.59
+1.6
−0.55 10
+7.5
−3
properties, it is important to account for the chaotic nature of
this stage of evolution. That is, while planetesimals and em-
bryos may begin this stage with identical orbital properties,
the outcomes are very sensitive to where along their orbits
the bodies begin (something that is randomized between each
particular simulation). Thus for each Run Set listed in Table
1, we performed multiple simulations in order to provide a
statistical measure of the distribution of possible outcomes.
In the embryo-only cases, we typically performed 50 real-
izations of the simulations; the runs with planetesimals were
much more computationally demanding, and thus we typi-
cally performed 8 simulations for those cases.
Figure 2 shows a sampling of the realizations produced
within each Run Set. While variations in outcomes within
a given Run Set are readily seen, it is clear that these differ-
ences are small compared to those between the different Run
Sets we considered. This indicates that despite the stochas-
tic nature of this stage of evolution, it is possible to identify
signatures of the conditions under which planetary accretion
took place.
Ultimately, we wish to use the relation between input pa-
rameters and realizations of planetary systems to inform the
formation histories of the planetary systems found by Kepler.
In order to do that, we must identify key diagnostics of the
Kepler systems that can be compared to our models. Given
the limited data we have on real systems, we have identi-
fied a set of broad, quantifiable parameters that describe the
properties of these systems. Specifically, we use the median
planet mass (Mp), the mass ratio of adjacent planets (M),
the median mutual inclination with respect to the invariable
plane of the system, (i), the median location of the innermost
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Figure 2. Planet properties and architectures of systems formed in each run set. The symbol size corresponds to planet mass. The symbol
color corresponds to the orbital inclination, where red denotes inclinations larger than the 2◦ inferred from Kepler and blue indicates lower
inclinations. Only 8 systems per run are shown, the full set of figures and data will be available as an online supplement.
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Figure 3. Distribution of planetary system properties inside 1 au averaged across all (8 or 50) runs within one set of simulations. The simulations
are color-coded by accretion scenario: embryo-only (blue); planetesimals (green); extended embryo/planetesimal disk (purple); and migration
(pink); The de-biased distributions derived from Kepler are shown in red, with a typical value of the distribution indicated across rows. The
planet mass distribution is taken from Pascucci et al. (2018), while the distributions of planet inclination, period ratio of adjacent planets, and
inner planet location are those from Mulders et al. (2018). The number of planets per system is shown as a poisson distribution with 6 planets
per system. The bottom row shows the scale bar on a logarithmic stretch except for the number of planets per system which is shown on a linear
scale. The peak of each distribution is normalized to span the entire y axis.
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planet in the system, (Pinner), the median orbital period ratio
of adjacent planets, (P), and the median number of planets
per system, N. It is important to note that these parameters
focus on the properties of the planetary system; that is we
focus on the ensemble collection of planets, rather than the
specific properties of individual planets, as these will likely
inform us about how the planets interacted with one another
during planet formation.
In order to ensure we are making the best comparisons be-
tween the models and the planetary systems, we focus on
those planets in our simulations that are contained inside of
1 au. Because the detection efficiency of Kepler drops sig-
nificantly with distance from the star, few planets are known
to exist outside of that distance, making it difficult to make
robust and meaningful comparisons. Note that we still allow
planets to form in that region in our simulations; we just limit
our statistics to those located closer to the star. Table 2 sum-
marizes the median values and 1 sigma ranges for each prop-
erty for the Run Sets we considered while Figure 3 provides
a visual comparison of the outcomes, providing not only the
characteristic values, but also their distributions.
The parameter distributions have mostly distinct shapes
between run sets, with the exception of the mass ratio dis-
tributions which are more similar across all run sets. In order
to quantify the similarities between run sets we calculate the
probability that the model distributions are drawn from the
same underlying distribution with a KS test. Table 3 shows
a set of comparions between all run sets and the base model,
Gen-HM. The distributions of most parameters (Mp, Pinner,
P , i, and N) are distinguishable form the base set at high
confidence (p < 0.01). The exception is the mass ratio be-
tween adjacent planets, M, which are statistically indistin-
guishable from the base set for the majority of run sets. We
find the same trend when doing these comparisons between
all possible combination of run sets: only the planet mass
ratio distributions are often similar between models. None
of the run sets are indistinguishable in all six parameter dis-
tributions, indicating that the variations in initial conditions
indeed result in real differences in planetary system architec-
tures that can be traced by these diagnostics.
In Figure 3, we also show the approximate values and de-
rived distributions for the Kepler exoplanets for reference. As
we outline below, comparisons between the model realiza-
tions and the Kepler systems must be done with caution, and
we outline a robust methodology in the next section. Before
linking the properties of Kepler systems to particular forma-
tion histories, it is necessary to understand how the values of
various properties are related to the initial conditions of the
runs. Here we describe the effects of changes in the initial
conditions on the realizations of planetary systems to provide
a framework for interpreting the Kepler properties.
Table 3. Similarities and differences between run sets. This table
shows the KS-probability that the distribution of system properties (Fig.
3) are drawn from the same distribution as the base set, Gen-HM. The
table headers are the same as those in Table 2. Only the mass ratio
distributions are mostly consistent between the different run sets.
Run Name Mp (M⊕) M Pinner (days) P i (deg) N
Gen-I 0.038 0.008 <0.001 0.252 0.477 <0.001
Gen-IO <0.001 0.104 <0.001 <0.001 <0.001 <0.001
Gen-P <0.001 0.559 0.001 <0.001 <0.001 <0.001
Gen-P-I <0.001 0.280 <0.001 <0.001 <0.001 0.997
Gen-P-IO 0.001 0.763 <0.001 0.183 0.307 <0.001
Gen-O <0.001 0.067 <0.001 <0.001 <0.001 <0.001
Gen-O-p1 <0.001 0.028 <0.001 <0.001 <0.001 <0.001
Gen-O-p2 <0.001 0.022 0.481 <0.001 <0.001 0.055
Gen-O-s22 <0.001 0.374 <0.001 0.025 <0.001 0.272
Gen-O-s10 <0.001 0.132 <0.001 0.001 <0.001 <0.001
Gen-O-s5 <0.001 0.062 <0.001 <0.001 <0.001 <0.001
Gen-M-s50 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Gen-M-s22 <0.001 0.005 <0.001 <0.001 <0.001 <0.001
Gen-M-s10 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
3.1. Effects of Including Planetesimals
Planetesimals in our models represent the leftover build-
ing blocks of planetary embryos, the more massive bodies
that are the primary gravitational perturbers during the fi-
nal stages of planetary accretion. Their incorporation into
embryos is not expected to be 100% efficient, and as such,
a number of them are expected to be present while planets
form. The effects of planetesimals are seen when compar-
ing the realizations from Run Set pairs Gen-HM & Gen-P,
Gen-I & Gen-P-I, and Gen-IO & Gen-P-IO; each of
these simulation pairs began with the same amount of mass
present over the same radial distribution, but the latter had
25% of their mass contained in planetesimals and 75% in
embryos, while the former was entirely embryos.
The primary effect of planetesimals is to provide a source
of dynamical friction, where their orbits are preferentially ex-
cited to high eccentricities and inclinations while embryos
and growing planets remain on more circular and roughly
coplanar orbits. Inspection of Figures 2 and 3, as well as
the numbers reported in Table 2 show that the inclinations of
the planets formed in the embryo-only simulations are sig-
nificantly higher than their planetesimal-containing pairs.
Another consequence of planetesimals being present dur-
ing planetary accretion is that the number of planets that
form in a given system increases. This effect is related to
dynamical friction; as the embryos in the system maintain
less-excited orbits, their eccentricities and inclinations are
damped, limiting the semi-major axis range over which em-
bros can collide. As a result, the feeding zones are narrower,
leaving a larger number of bodies behind. This same pro-
cess is also responsible for the lower masses of the planets
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in those cases where planetesimals were present: narrower
feeding zones means fewer mass-adding events for any given
planet (Figure 4a).
3.2. Effects of Inner Radius
The inner radius of our simulation defines the smallest or-
bital semi-major axis at which solid materials were available
to form planets. In simulations for the accretion of the Solar
System, this inner edge is often set at ∼0.5 au for computa-
tional purposes as closer-in orbits require finer time resolu-
tions to resolve (e.g. Chambers & Wetherill 1998; Chambers
2004; O’Brien et al. 2006; Raymond et al. 2009). Thus, these
simulations largely focus on the accretion of planets outside
of this location. However, given that planetary systems dis-
covered by Kepler contain planets located much closer to
their parent stars, this requires examining the details of planet
formation at these very low orbital periods.
Run Set pairs Gen-HM & Gen-I, Gen-HM & Gen-P-I,
and Gen-O & Gen-IO have identical properties to one an-
other but vary the inner edge from 0.05 au (first simulation in
pair) to 0.2 au (second). In all cases, the location of the inner-
most planet correlates with the inner edge of the disk, with
those disks extending to 0.05 au yielding innermost planets
with lower periods as a result of raw materials being present
closer-in for planets to form from (Figure 4b). As a result,
the number of planets formed within 1 au is larger for smaller
inner disk edges.
Variations in planet masses, inclinations, and period ratios
are relatively minor among the Run Set pairs (Table 2). In
particular, the masses of planets outside of 0.2 au are not af-
fected by the location of the disk inner edge (Figure 4b)
3.3. Effects of Outer Radius
With most known extrasolar planets, particularly those in
the Kepler database, found in low period orbits, many simu-
lations for their formation have focused on the assembly of
local materials inside of 1 au (Hansen & Murray 2012, 2013;
Dawson et al. 2015, 2016). However, given the decreased
detection probability further from the star, it remains uncer-
tain what the distribution of mass at larger distances may be.
To investigate the effects of mass at larger distances, we per-
formed simulations where the outer edge of the solids ex-
tended to 4 au. The outer edge of where mass may be located
is likely set by a combination of the radial extent of the disk
as well as how solids migrate prior to being incorporated into
planetesimals.
Comparisons of Run Set pairs Gen-HM & Gen-O,
Gen-P-I& Gen-P-IO, and Gen-I& Gen-IO show how
the extended disk impacts the final realizations. In general,
the more extended disk leads to fewer planets forming inside
of 1 au, though those planets are more massive than those
formed in the more truncated disks (Fig. 4c). This is likely
due to the greater amount of mass in embryos and planets at
larger distances, which can serve to excite the orbits of bod-
ies close in, as well as scatter mass inward to be accreted
by the planets growing in this region. The larger excitations
among the growing bodies lead to a greater spacing of the
planets inside of 1 au, which – in addition to reducing the
number of such bodies – leads to increases in the ratio of
orbital periods. Further, mutual inclinations increase as the
orbits become more excited.
Thus, the amount of material in the outer disk affects the
properties of planets formed inside of 1 au, consistent with
the study of Ballard & Johnson (2016).
3.4. Effects of Surface Density Profile
The initial surface density profile of solids sets the total
mass of embryos and planetesimals initially present in the
simulation and how that mass varies with distance from the
star. As described above, this is usually defined as a power-
law, and thus we examined two variations of how the surface
density profile of solids impacted the final realization of plan-
ets. Different surface densities may arise as disks have their
masses distributed in different ways, or as radial migration of
solids leads to the large-scale redistribution of solids prior to
planetesimal formation.
In the first case, we considered how the surface density
steepness, or exponent of the power-law, impacted the out-
come of our models. These effects can be seen by compar-
ing the realizations of Gen-O, Gen-O-p1, and Gen-O-p2
where the surface densities profiles varied as r−
3
2 , r−1, and
r−2, respectively. The mass ratios of adjacent planets directly
correspond to the slope of the surface density distribution.
A slope of r−2 leads to roughly equal-mass planets (M = 1),
while a shallow slope of r−1 leads to the outer planets being
more massive (M≈ 1.7).
Comparing the realizations of these different runs, it is
seen that more planets, with somewhat higher masses, are
produced in the steeper surface density profiles, a result also
seen by Raymond et al. (2005). While the total amount of
mass in the simulations is greater in the shallow surface den-
sity profiles, as they extend out to 4 au, the amount interior
to 1 au, where the surface density is normalized to 50 g/cm2,
is greater in the steep surface profiles, thus providing more
raw materials for planets to form at smaller heliocentric dis-
tances. The greater mass at larger heliocentric distances in
the shallower profiles still impacts the dynamics of the inte-
rior planets, exciting them to higher inclinations and resulting
in greater radial scattering of the interior planets, leaving the
inner-most planet further from the star (Fig. 4d).
We also examined how the total mass of solids present in
the simulations affected the properties of the final planetary
system. Model Runs Gen-O, Gen-O-s22, Gen-O-s10,
and Gen-O-s5 all had the same surface density steepness
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Figure 4. Simulated planet mass and semi-major axes distributions under the influence of varying one specific parameter in the initial conditions.
The horizontal dashes indicate the mean mass of planets within 1 au whenever that varies significantly between simulations. The vertical dashes
indicate the location of the innermost planet per system if that location varies between simulations. From left to right, top to bottom, the specific
parameters/processes varied are: a) The inclusion of planetesimals, which affects planet mass (§3.1); b) The location of the disk inner edge,
which affects the period of the innermost planet in each system (§3.2); c) The location of the disk outer edge, which affects the planet mass
(§3.3); d) The slope of the radial surface density distribution, which affects the period of the innermost planet in each system (§3.4); e) The
normalization of the surface density, which affects planet mass (§3.4); f) enabling gas-driven migration and orbital damping, which affects the
period of the innermost planet in each system (§3.5).
(varying as r−
3
2 ), but the surface density at 1 au varied, yield-
ing different amounts of total mass to be accreted into the
planets. As shown in Table 2 and Figure 4, the higher surface
density runs yielded more massive planets as more material
was present to be accreted. The more massive planets, due
to their greater gravitational effects, cleared a larger amount
of area around their orbits, leading to larger spacing between
the planets, and thus fewer of them. As the total mass de-
creased, the amount of dynamical excitation through the sys-
tem decreased, with very weak gravitational interactions tak-
ing place, leaving a large number of low mass planets behind.
Similar outcomes were reported by Kokubo et al. (2006) and
by Raymond et al. (2007) and Ciesla et al. (2015) in looking
at the formation of planetary systems around stars of different
masses: greater numbers of smaller planets were produced
around stars that had lower protoplanetary disk masses. The
trend of less gravitational excitement of bodies in the lower
mass systems also leads to predictable results for the other
quantities, with lower values for inclinations, inner planet pe-
riods, and period ratios in these same systems.
3.5. Effects of Gaseous Disk
The simulations discussed thus far have been performed
assuming that the gas from the protoplanetary disk was gone
by the time this stage of planetary assembly began. How-
ever, as discussed above, some of this growth may have ac-
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Figure 5. Time-evolution of mutual inclinations in run set
Gen-M-s22, which includes gas damping and migration. The disk
disperses at 5 Myr, and system-wide instabilities occur within a few
million years for a fraction of systems, after which systems remain
fairly stable.
tually occurred early in the evolution of the system while gas
was still present. Such early growth is necessary in our So-
lar System to explain the formation of the gas giants through
core accretion (e.g. Pollack et al. 1996; Hubickyj et al. 2005)
and the possible early formation of Mars relative to the typ-
ical lifetime of protoplanetary disks (Dauphas & Pourmand
2011). In addition, low bulk densities of mini-Neptunes (Wu
& Lithwick 2013; Hadden & Lithwick 2014) and the pres-
ence of a valley in the planet radius distribution (Fulton et al.
2017; Owen & Wu 2017) indicate that the Kepler planets
likely formed in a gaseous environment.
Including disk gas in our simulations would have a dra-
matic effect on the dynamical evolution of planetary sys-
tems as gravitational interactions between embryos and the
disk would lead to angular momentum exchange and the in-
ward migration of the embryos. While a single migrating
planet would stall at the inner edge of the gas disk, conver-
gent migration of planets leads to inner planets in run sets
migrating inside the disk inner edge, for example for run set
Gen-M-s50 in Fig. 4f (see also Carrera et al. 2019).
In addition to migration, the gas also serves to damp down
the eccentricities and inclinations of embryos. This is re-
flected in the low mutual inclinations of planets in run sets
Gen-M-s50, Gen-M-s25, and Gen-M-s10 (Fig. 3.) and
the large number of planets that form (as they do not get ex-
cited onto crossing orbits). As a result, the masses of indi-
vidual planets tend to be much lower, but there is a greater
number of planets in a given system. Further, the gas-driven
migration and damping often drives planets into quasi-stable
structures, thus such planets will settle into tightly-packed
systems with low period ratios.
While some level of accretion may occur in the presence
of gas, protoplanetary disks are estimated to retain significant
gas for only 3-5 Myr before the gas is lost via photoevapo-
ration or other processes (e.g. Ercolano & Pascucci 2017).
Here we assume the gas is present for ∼5 Myr, though the
gas density does decrease over time (before rapidly disap-
pearing at the end). In the absence of the gas, dynamical in-
teractions and accretion occur as in the previously described
cases. In some cases, these interactions are minimal, leaving
a tightly-packed, stable system of planets. In other cases, the
dynamical interactions are such that the systems go through
a period of instability, leading to large increases in mutual in-
clination. Thus, in our simulations, as in Izidoro et al. (2017,
2019), we generally see a dichotomy in this outcome (Fig.
5), with a bimodal distribution as some systems have very
low mutual inclinations while others have significantly ele-
vated values, with few systems with mutual inclinations in
between. While this is not readily apparent when looking at
the median values in Table 2, it is more obvious when look-
ing at the distributions of run sets Gen-M shown near the
bottom rows of Figure 3, especially for Gen-M-s22. Al-
though most of our simulations are relatively short ( 10 Myr),
the result of the bimodal inclination distribution is likely to
hold over the lifetimes of the systems: Running the simula-
tions up to 100 Myr did not lead to a large number of these
low-inclination systems becoming dynamically unstable and
increasing their mutual inclinations.
It is worth noting that the presence of gas can impact the
relations that develop compared to those cases where gas is
not present. For example, in the higher mass surface density
runs with no gas, we find that higher inclinations develop as
a result of the gravitational interactions between the planets;
those cases with lower surface densities have systems with
lower inclinations. The opposite is true when gas is present.
This is likely due to accretion occurring more rapidly when
surface densities are high; given that a large amount of the
gravitational interactions would take place early in the mas-
sive cases, the gas is still present to damp down any excitation
that develop. As models with lower surface densities would
have more protracted planet growth, the gas dissipates before
planetary assembly has progressed to a similar level as in a
high surface density disk, allowing the planets in the system
to become more inclined. Alternatively, more massive plan-
ets experience stronger tidal damping from the gas disk.
3.6. Summary of different effects
The chaotic nature of planetary accretion means that even
with similar starting conditions, the final properties of the
emerging planetary systems may differ significantly from
one another (Figure 2). However, given a large enough suite
of simulations, it is clear that trends and relationships be-
tween the final properties and the initial conditions can be
recognized (Figs. 3, 4). In this section, we have identified
and explained how those trends develop for a set of final plan-
12 MULDERS, CIESLA, O’BRIEN, ET AL.
Planet mass
Less Planetesimals 
Shallower Σ(r) 
Higher Σ0 
Higher amin 
Lower amax 
More Gas
More Planetesimals 
Steeper Σ(r) 
Lower Σ0 
Lower amin 
Higher amax 
Less Gas 
Mp
Inclination
Less Planetesimals 
Shallower Σ(r) 
Higher Σ0 
Lower amax 
More Gas
More Planetesimals 
Steeper Σ(r) 
Lower Σ0 
Higer amax 
Less Gas
i
Innermost Period
Less Planetesimals 
Shallower Σ(r) 
Higher Σ0 
Higher amin 
Higher amax 
Less Gas
More Planetesimals 
Steeper Σ(r) 
Lower Σ0 
Lower amin 
Lower amax 
More Gas
Pinner
Period Ratio
Less Planetesimals 
Steeper Σ(r) 
Higher Σ0 
Lower amin 
Higher amax 
Less Gas
More Planetesimals 
Shallower Σ(r) 
Lower Σ0 
Higher amin 
Lower amax 
More Gas
풫
Planet Number
Less Planetesimals 
Shallower Σ(r) 
Higher Σ0 
Lower amin 
Lower amax 
Less Gas
More Planetesimals 
Steeper Σ(r) 
Lower Σ0 
Higher amin 
Higher amax 
More Gas
N
PropertyTo Decrease To Increase
Figure 6. Summary of property dependence on N-body initial condition.
etary system properties that can be inferred from the Kepler
planetary systems.
Figure 6 summarizes how changes in individual parame-
ters would lead to changes in the distribution of planetary
systems that form. While none of our specific Run Sets ex-
actly reproduce the properties of the Kepler systems, it is
possible to use the trends and relationships that we have out-
lined here to adjust the parameters and components to pro-
vide a better match between the modeled and real systems.
However, it is necessary to ensure that a proper comparison
between the model realizations and Kepler systems is done,
requiring a rigorous consideration of observational biases.
4. STATISTICAL COMPARISON TO THE KEPLER
PLANET POPULATION
In the previous section, we discussed how various accre-
tion scenarios lead to significantly different distributions of
planetary system properties. In general, the model systems
did reproduce some of the features of the Kepler populations,
yielding properties that overlapped with what is observed – in
particular for the model that includes planetesimals, Gen-P.
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Figure 7. Comparison of simulated planetary systems with observed Kepler exoplanet systems. The top row shows the distribution of planetary
system properties across run set Gen-HM. The bottom row shows a simulated Kepler survey of those systems with epos (blue), compared to
the actual observations from Kepler in red. Note that planet masses from the formation model are converted to planet radii using a probabilistic
mass-radius distribution before applying detection biases. Planetary system mutual inclinations are not a direct observable and are mainly
constrained from the observed number of planets per system.
However, these comparisons must be made with care, as they
are done with knowledge of the full properties of the plane-
tary systems that formed, whereas our knowledge of the ob-
served Kepler system properties is limited by a number of
observational biases. Thus, a detailed comparison between
the systems produced in our models must account for these
limitations in order to determine which values of the parame-
ters for our synthetic populations would actually be detected
(Fig. 7) and whether the Kepler observarions can be used to
distinguish between the different accretion scenarios.
To do the forward modeling, we use epos version 3.0
(Mulders 2020), the Exoplanet Population Observation Sim-
ulator, whose structure and detailed methodology have been
described in Mulders et al. (2018, 2019). In short, epos per-
forms a synthetic transit survey by assuming that the plane-
tary populations produced by models make up the real dis-
tribution of planets, then performs a simulated transit survey
of these systems, assuming that systems are randomly ori-
ented along our sight lines and applies all detection biases
of the Kepler spacecraft. We then compare the properties
of the planets detected in the simulated survey to those of
the systems detected by Kepler, which are representative of
planetary systems around solar-mass stars. This approach,
illustrated in Figure 7, allows for an apples-to-apples com-
parison between simulated planetary systems and the data,
without having to parameterize the distribution of planetary
system properties.
We use four observational diagnostics of planetary system
properties. The first three diagnostics were defined in Mul-
ders et al. (2019), namely the observed frequency of multi-
planet systems (§4.1), the location of the innermost observed
planet in each system (§4.3), and the period ratio of adja-
cent planets (§4.2). The fourth diagnostic is the size ratio
of adjacent planets (§4.4), which has recently been shown to
be strongly clustered in Kepler planetary systems (Hsu et al.
2019; Sandford et al. 2019).
An example of this observational comparison for run set
Gen-HM is shown in Figure 7. The five panels in the top row
show the distribution of planetary system properties from the
planet formation models that are also shown in Fig. 3. The
bottom panel show the four observational diagnostics calcu-
lated by epos using a forward modeling approach of the de-
tection biases, compared to the same diagnostic calculated
for the exoplanet candidates from Kepler.
An extra step that we perform compared to Mulders et al.
(2018, 2019) is that the planet radii are calculated from the
simulated masses using the planet mass-radius relation from
Chen & Kipping (2017). Figure 8 shows this relation and its
1σ dispersion. For the full forward modeling in the synthetic
survey, we draw the radii from a log-normal distribution cen-
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Figure 8. Mass-Radius distribution of simulated planetary systems
for Gen-HM (blue-ish). The planet radii are drawn using a Monte
Carlo simulation from the distribution of Chen & Kipping (2017)
(dark blue), where the 1σ dispersion is indicated with the dashed
lines. The constant density model assumed in the N-body integrator
is shown in gray, which ρ = 3g/cm3.
tered on the best-fit mass-radius distribution using a Monte
Carlo simulation. For reference, the constant density of 3
g/cm3 as used in the N-body simulation is also shown, which
appears to be a reasonable value for mini-Neptunes as well.
For most runs, especially those where the inner disk edge
amin is set to 0.05 au, the subset that is compared to con-
tains the majority of detected planet candidates, and thus a
detailed statistical comparison can be made. In general, we
find that the run sets with significantly different distributions
of planetary system properties (Table 3) are also distinguish-
able in these observational diagnostics. This demonstrates
that while some information on planetary system architec-
tures is inevitably lost due to transit survey biases, differ-
ent formation scenarios can still be constrained from the ob-
served Kepler multi-planet systems.
For certain model runs, however, the overlap with the Ke-
pler planet candidates is limited because few planets are
formed at short orbital periods and the probability of detec-
tion of multiple planets per system is extremely low. In those
cases the sub-set of observed planetary systems is too small
to allow a meaningful comparison on multi-planet statistics.
This is the case for runs with an inner disk edge at amin = 0.2
au (Gen-I, Gen-IO, Gen-P-I, Gen-P-IO) and the run
set with a very flat surface density power-law (Gen-O-p1)
that need to be compared to Kepler planet candidates outside
of a ∼ 40-day period. The data in this range contains only
a handful of observed 2-planet systems, making them less
likely to be relevant to the collection of planetary systems we
Figure 9. Observable multi-planet frequencies for different accre-
tion scenarios. The red dashed line shows the observed frequencies
from Kepler in the same range of planet radii (1−3R⊕) and orbital
periods (5−300 days) as the simulated planets. The top panel shows
the observable multi-planet frequencies for four different models to
highlight the role of additional stirring when enlarging the disk outer
edge (Gen-O-s22) compared to the base simulation (Gen-HM)
and the role of additional damping by planetesimals (Gen-P) and
gas (Gen-M-s22). The bottom panel shows how the multiplic-
ity of planetary systems in the formation model (bars) is completely
different from the observable distribution of transiting systems (plus
signs) due to non-transiting planets.
are interested in. Thus, we omit these simulations from the
following analysis.
4.1. Number of Planets Observed in Systems
The first diagnostic discussed here is the relative frequency
of observed multi-planet systems, i.e., the observed number
of stars with m planets. Because most planets in multi-planet
systems do not transit, this diagnostic does not always reflect
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the true multiplicity of systems, N. While most exoplanet
host stars in the Kepler survey only have a single transiting
planet detected, statistical studies show that most of these are
members of planetary systems with multiple non-transiting
planets (e.g. Lissauer et al. 2011; Zink et al. 2019). Instead,
the relative frequencies are most sensitive to the mutual incli-
nations, with a decreased chance of observing more planets
per star if the mutual inclinations are higher.
To show what the observable signature of the different
planet accretion scenarios would look like, we compare four
run sets that all produce planets in the same size range
(1 − 3R⊕) and orbital period range (5 − 300 days) in Fig-
ure 9. Run Gen-HM represents an embryo-only scenario,
Gen-P a planetesimal scenario, Gen-O-s22 a large disk
scenario, and Gen-M-s22 a migration/damping scenario.
The simulated distributions of multi-planet frequencies of
these four run sets are significantly different at high confi-
dence (p < 0.01), showing that these diagnostics can indeed
be used to discriminate between the different accretion sce-
narios shown in Figure 3. The observational signature of
these runs are then compared to the observed frequencies
of multi-planet systems from Kepler in the same ranges of
planet radii and orbital periods.
The embryo-only simulations of Gen-HM under-predict
the frequencies of observed 2, 3, and 4-planet systems com-
pared to Kepler, likely because their mutual inclinations are
significantly larger than the 2 degrees typically inferred for
Kepler multi-planet systems (see also Fig. 3). While Hansen
& Murray (2013), on which the Gen-HM runs are based,
found a good match to the observed ratio of multi-planet sys-
tems, they compared their simulated planetary systems to an
earlier version of the Kepler catalog that had fewer 3- and 4-
planet systems. Thus, our model results are consistent with
theirs, even though we find no good match to the updated
Kepler systems.
Models from the Gen-O series in which the outer disk
is extended to a semi-major axes of 4 au, of which
Gen-O-s22 is shown here, under-predict the number of ob-
servable 2 and 3-planet systems compared to the observations
by a larger amount than Gen-HM. This is likely due to the in-
creased dynamical stirring from the outer disk mass leading
to larger mutual inclinations, which decreases the chance of
multiple planets transiting from a given viewing angle (see
also Moriarty & Ballard 2016). These conclusions extend to
models Gen-O, Gen-O-p1, and Gen-O-s10 (not shown)
which have a similar distribution of planet frequencies and
are not distinguishable in this diagnostic. The multi-planet
frequencies of model Gen-O-p2 are more similar to those
of Gen-HM because less mass is added to the outer disk, min-
imizing its impact on the mutual inclinations and hence the
multi-planet frequencies. The model with the lowest surface
density (Gen-O-s5) has less dynamical stirring and hence
lower mutual inclinations, but a direct comparison with the
data is difficult because the small planet sizes yield a very
small sample of detected multi-planet systems to compare to.
A better match to the observed multi-planet frequencies
is seen in simulations that include planetesimals where dy-
namical friction reduces the mutual inclinations. Gen-P has
a larger number of predicted 2–5 planet systems compared
to Gen-HM, and over-predicts the observed frequencies by a
small fraction. The ratio of 3/2, 4/3 and 5/4 planet systems
is the same as observed, and hence this model would closely
match the Kepler data if a population of single or highly in-
clined planets would be included to account for the Kepler
dichotomy, as described in Johansen et al. (2012), Hansen &
Murray (2013), and Ballard & Johnson (2016).
The inclusion of damping by gas leads to mutual incli-
nations that are so low that the runs over-predict the fre-
quency of multi-planet systems. For example simulation
Gen-M-s22, shown in Figure 9, which has planets in a
similar size range as Gen-HM and Gen-P, over-predicts the
number of 3- and 4-planet systems. Moreover, it predicts a
large number of 5-8 planet systems be observed which are
not present in the Kepler data in this size and period range.
Simulation run sets that include migration in combination
with higher and lower surface densities (Gen-M-s50 and
Gen-M-s10, respectively) similarly over-predict the num-
ber of observable multi-planet systems due to their low mu-
tual inclinations.
4.2. Period Ratios of Adjacent Planets
The second diagnostic discussed here is the period ratio
distribution of detected planet pairs, which mainly traces the
orbital spacing between planets. This period ratio is defined
as P = Pk+1/Pk where k enumerates observed planets from
inside out. This diagnostic is calculated for planets in the
range of 1−3R⊕ and 5−300 days. The detected period ratios
of four models representative of different accretion scenarios
are shown in Figure 10 as a cumulative distribution to high-
light the excess (or absence) of resonant features. The bottom
panel shows how the detected distributions are biased with
respect to the distribution predicted by the formation models.
The observed distribution from Kepler spans a range of pe-
riod ratios from ∼1.3 to almost 10, with a median value at
P ≈ 2.2.
The period ratio distribution of the different accretion sce-
narios (Fig. 10) follow a similar trend to that of the multi-
planet frequencies: Simulations with the strongest damping
(by gas) underpredict the observed period ratios and simula-
tions with stronger dynamical interactions from larger disks
progressively over-predict the observed period ratios.
The baseline simulation of Gen-HM (and also
Gen-O-p2) has a median period ratio of ∼ 3.3 and the
distribution is located at longer period ratios compared to
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Figure 10. Period ratio distributions in a simulated survey of the
different models (solid lines) compared to the Kepler observations
(dashed line). These comparisons highlight the role of additional
stirring when enlarging the disk outer edge (Gen-O-s22) com-
pared to the base simulation (Gen-HM) and the role of additional
damping by planetesimals (Gen-P) and gas (Gen-M-s22).
the observations. The amount of dynamical stirring in the
embryo-only simulations leads to planets that are spaced
too far apart to be consistent with the Kepler systems,
as also noted by Hansen & Murray (2013). The simula-
tions with increased mass in the outer disk (Gen-O-s22,
Gen-O, Gen-O-p1) all have similar distributions with even
larger period ratios due to the increased dynamical interac-
tions. The simulations with a lower overall surface density
(Gen-O-s10 and Gen-O-s5) have smaller period ratios,
but because these simulations also produce smaller planets,
there are not enough observed planets to allow a statistically
meaningful comparison with the Kepler exoplanet popula-
tion.
When dynamical friction from planetesimals are included
in the simulations, the emerging planets are more tightly
packed. For example the predicted period ratio distribution
of simulation Gen-P has a mean period ratio of P ≈ 2.4, just
higher than the observed distribution from Kepler. The shape
of the distribution is roughly similar to the observed period
ratio distribution, and is the closest match to the data of all
the simulated systems. We did not explore if a larger number
or mass fraction of planetesimals could further reduce the pe-
riod ratios and provide an even better match to the observed
systems.
Simulations including orbital damping by gas and planet
migration, on the other hand, result in observable plane-
tary systems that are too compact. For example, simula-
tion Gen-M-s22 has a mean period ratio of P = 1.5 . The
distributions also show strong features at the main orbital
resonances (2:1 and 3:2) that are not present in the Kepler
data. Dynamical instabilities that break these resonances and
widen the period ratio distribution are needed to provide a
better match to the observed systems, similar to recent re-
sults by Izidoro et al. (2019).
The solid surface density has a big impact on the observed
period ratio distribution of planets formed in a gaseous disk.
Simulations with a higher (lower) surface density of solids
grow and migrate faster (slower) and therefore experience
more (less) damping by gas and less (more) breaking of reso-
nant chains. For example, simulation Gen-M-s50 with the
highest solid surface density show stronger resonant features
and smaller orbital periods and is therefore less consistent
with the observed period ratio distribution. On the corollary,
the simulation with the lowest surface density, Gen-M-s10,
has fewer planets in orbital resonances and a period ratio dis-
tribution that is only slightly shortwards of the Kepler dis-
tribution. While the period ratio distributions of the three
migration run sets are statistically distinguishable, they are
all inconsistent with the observed distribution from Kepler.
4.3. Period of the Innermost Planet in Each System
The third diagnostic discussed here is the location of the in-
nermost detected planet in an observed multi-planet system.
For each system with more than one planet detected in the
simulated survey, we recorded the location of the innermost
detected planet. The distribution of these values is then com-
pared to the locations of the innermost planets in the Kepler
multi-planet systems. Figure 11 shows the inner planet loca-
tions for four different models in the range 1 − 3 R⊕. Note
that this is a different selection of models than in Figures 9
and 10, and was chosen to highlight the parameters that most
affect the location of the inner planets.
The distributions before and after applying detection bi-
ases, shown in the bottom panel of Fig. 11, differ primarily
because two detection biases are at play. First, inner planets
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Figure 11. Period of the innermost planet in an observable multi-
planet system (solid). The observed distribution from Kepler for
planets in the same radius range (1 − 3 R⊕) is shown in dashed
red. These comparisons highlight the role that migration and disk
size play in determining the location of the innermost planets. All
models utilize the same inner disk edge of 0.05 au. Planet migra-
tion moves the innermost planet inwards to the edge of the gas
disk which is located at 0.05 au. A large outer disk results in in-
ner planets at larger separations (Gen-O) compared to a 1 au disk
(Gen-HM) unless the outer disk contains less mass (Gen-O-p2).
at shorter orbital periods have an increased transit probabil-
ity, which shifts the distribution of detected inner planets to-
wards shorter periods compared to the instrinsic distribution
of inner planets. Second, in a fraction of systems the inner
planet is not transiting, and the innermost detected planet is
located farther out, effectively broadening the distribution.
epos takes both these biases into account when calculating
the detectable distributions.
We find that the period of the observed innermost planet
varies significantly even between simulations that have the
same inner disk edge but differ in the other initial condi-
tions (Fig. 11). The fiducial simulations of Gen-HM and
Gen-P predict an observable inner period ratio distribution
with roughly the same mean value as found in the Kepler
data, and are not statistically distinct from each other. How-
ever, in both cases the distributions are much narrower than
observed. This difference in the widths of the simulated and
observed distributions could indicate that a range of inner
disk locations, rather than a single value, is needed for this
model to match the observed inner period distribution. Lee
& Chiang (2017) have suggested that the observed spread in
stellar rotation rates of young stars leads to such a range if
the inner disk edge is located at the radius corresponding to
the stellar co-rotation. This was also suggested by Mulders
et al. (2015) based on the stellar-mass (in)dependence of the
period-break in the planet occurrence rates.
Increasing the mass available by extending the outer disk
(models Gen-O, Gen-O-p1) increases the amount of dy-
namical interactions between planets in the inner disk and
also pushes the location of the innermost planets outward
(see Table 2). The latter is reflected in the simulated ob-
servables, where the median inner period of model Gen-O
is almost twice that of model Gen-HM (Fig. 11). The in-
ner planet orbital period distribution is also wider than that
of the fiducial model, indicating that a better fit to the data
might be obtained with a larger disk but with a smaller inner
disk edge. Simulation Gen-O-p2 also has an enlarged outer
disk but less mass is added in this case because of the steeper
surface density power-law, and this model therefore produces
a comparable inner planet orbital period location distribution
as run set Gen-HM.
Adding gas to the disk makes planets migrate inward,
pushing the observable distribution of innermost planets in-
ward. The median inner period of model Gen-M-s22 is
more than half that of the baseline model, with a median ob-
servable period at 3 days. The simulated distribution is nar-
rower and located at shorter orbital periods as the observed
inner planet distribution. A model where the inner edge of
the gas disk is located further out at an orbital period of 10
days (e.g. Mulders et al. 2018; Carrera et al. 2019), and has
a dispersion in locations, would likely provide a better match
to the observed Kepler systems.
4.4. Radius Ratios of Adjacent Planets
The fourth diagnostic discussed here is the radius ratio dis-
tribution of adjacent detected planets, which mainly traces
the clustering in planet sizes. This radius ratio is defined as
R = Rk+1/Rk where k enumerates observed planets from in-
side out. The top panel of Figure 12 shows the cumulative
distribution of radius ratios for four different models in the
simulated survey. Note that this is again a different selection
of models than in Figures 9, 10 and 11, because the model
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Figure 12. Radius ratio distributions in a simulated survey of the
different models (solid lines) compared to the Kepler observations
(dashed line).
parameters that affect the distribution of planet radii most are
different. The observed distribution from Kepler for planets
in the range of 1−3R⊕ and 5−300 days spans a range of ra-
dius ratios from∼0.5 to almost 3. The distribution is slightly
asymmetric with a median atR≈ 1.1.
The bottom panel in (Fig. 12) shows how the size ratio dis-
tributions are affected by observation biases. The main detec-
tion bias here arises because the minimum detectable planet
size increases with orbital period because fewer transits oc-
cur at large periods. A planet pair where the outer planet is
larger is more likely to be detected than a planet pair where
the outer planet is smaller. Thus, the size ratio distribution in
the synthetic survey is shifted to larger size ratios than those
in the planet formation model.
The radius ratios of the different accretion scenarios, sub-
jected to observational biases, are shown in Figure 12. The
simulated distributions typically have a similar shape as the
observations in each scenario, indicating that the radius clus-
tering of planet sizes observed with Kepler is naturally pro-
duced by these simulations. But they differ in how much they
are offset toward the larger planet radius ratios. In particular,
simulations Gen-HM and Gen-P are offset to larger size ra-
tios compared to the observations.
In a scenario without migration, trends in the size ratio of
planets reflect the mass distribution in the initial disk. As-
suming the width of a planet’s feeding zone is proportional
to its semi-major axis a, the surface area of the annulus that
a planet accretes from scales as a2. Models with a radial sur-
face density exponent of p = 1.5 are therefore expected to
form planets whose mass increases with semi-major axis as
a0.5, and are thus expected to have size ratios that are on aver-
age larger than 1. Planets formed in a disk with a radial sur-
face density exponent of p = 2 are expected to be of similar
size at different distances from the stars. We can indeed see
that simulation Gen-O-p2 does not show a significant off-
set compared to the observations and is a better match than
simulations Gen-HM and Gen-P.
Finally, we find that simulations with migration are almost
a perfect fit to the observations, showing both the same offset
and dispersion in the simulated planet radius distribution as
in the observations. This is perhaps slightly surprising as the
underlying surface density profile used in these simulations
is the same as in the gas-free simulations. Likely, the inward
migration and resonant trapping changes the spacing between
forming planets such that the final planetary systems end up
closer to equal in mass.
5. SUMMARY
We have explored the effects that different initial con-
ditions and model configurations have on the final stages
of planetary accretion. While the process itself is chaotic,
we have identified relationships between the initial condi-
tions and model configurations and the final planetary sys-
tem properties, including the number of planets, their relative
sizes, their orbital spacings, and their mutual inclinations that
provide an imprint of their formation histories. Such statisti-
cal relationships can be used to inform us about the possible
formation pathways of known exoplanetary systems. Doing
so, however, requires a detailed assesment of the observa-
tional biases to properly reveal the properties of these sys-
tems.
In applying our knowledge to the known Kepler systems,
we find that:
1. Planets within planetary systems are typically similar
in size, despite the chaotic nature of the late stages
of planetary assembly. In every scenario we explore,
whether that includes migration of planets in a gas disk
or not, the distribution of planet masses within a sys-
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tem are consistent with the clustering of planet radii
observed with Kepler.
2. Planet formation did not occur purely through the as-
sembly of planetary embryos as such systems would
be too dynamically excited compared to the real sys-
tems. Leftover planetesimals that were present during
the final stages of accretion would serve as a source
of dynamical friction that provide better matches to
the multi-planet frequencies and inclinations, though
the simulations performed here still yield spacings be-
tween detected planets that were larger than observed.
3. Planetary systems where a significant amount of ac-
cretion occurs within a gaseous protoplanetary disk,
are too dynamically cold to match the observed exo-
planet population, with period ratios that are too small
and have an overabundance of multi-planet systems.
In contrast, systems that undergo dynamical instabili-
ties after the disk has dispersed are dynamically hotter
than those that stay stable, and the planets’ mutual in-
clinations within a system are closer to what is needed
to match observed systems. It is, however, difficult to
determine a priori which systems will go unstable and
which will not.
4. The structure of the outer disk, outside of the region
where planets are detected with Kepler, influences the
properties of planets and planetary systems formed
closer to the star, indicating that planet formation is
not always a strictly local process. Planets formed in
more extended disks are more massive, located farther
from their host stars and are less likely to be observed
as multi-planet systems.
None of the simulations performed here simultaneously
matched all four observational diagnostics of planetary sys-
tems, which are the relative frequencies of multi-planet sys-
tems, the orbital period ratios of planet pairs, the size ratio of
planet pairs, and the locations of the innermost planet. How-
ever, the above trends between initial conditions and observ-
ables allow us to better estimate the conditions under which
these systems formed.
In regards to developing a collection of systems whose in-
nermost planets are similar to those seen in the Kepler sys-
tems, it is necessary to consider a range of inner disk loca-
tions. The embryo-only simulations are consistent with an
inner disk edge centered at 0.05 au, but future simulations
should consider implementing a range for the inner disk edge
rather than a single value. In more extended disks a single
inner disk edge location provides a broader detected distribu-
tion that is more consistent with the data, though this inner
edge has to be located closer in than 0.05 au. In simulations
including migration and orbital damping by gas, the inner
disk edge needs to be moved outward to ∼ 0.1 au to result in
planetary systems consistent with what is seen with Kepler.
Dynamical damping by gas in the cases studied here was
too efficient, leading to too many observable multi-planets
systems and planet orbital period ratios that are too low. Sim-
ilar findings were found in other studies: population synthe-
sis models with a similar number of interacting seed cores
(20-50) also find mutual inclinations of planetary systems
that are too low (Mulders et al. 2019); and pebble-assisted
formation and migration models find that not enough systems
go unstable after disk dispersal to increase their mutual incli-
nations to the point of reducing the number of observed plan-
ets and increasing the observed period ratios (Izidoro et al.
2017, 2019). Less efficient damping by gas may thus be nec-
essary. For example, Dawson et al. (2016) and MacDonald
et al. (2020) show that if planetary system assembly is de-
layed and happens when the disk gas is depleted by a factor
100 compared to the the initial gas mass, the amount of dy-
namical excitation matches closer to the observed systems.
Although the underlying model we use has a gas density that
decreases with time, we do not see this effect naturally aris-
ing from our simulations. We do see, however, that in disks
that form smaller planets a closer match to the observed sys-
tem properties is found. This is likely a result of these plan-
ets growing slower and, therefore, assembling when the gas
density is lower or already dissipated, which, in turn, pro-
vides weaker or no orbital damping. This could suggest that
the final stages of planetary accretion generally took place
relatively late in terms of the removal of disk gas.
The general formation conditions outlined here allow us
to make predictions about the formation pathways of hab-
itable zone planets, and their potential chemical composi-
tion. For example, the likely presence of planetesimals dur-
ing planetary accretion would provide a means for materials
from more distant regions to be delivered to planets that form
closer to the Sun. Such a process would be a natural means
of delivering water and other volatiles to planets in the Hab-
itable Zone.
The presence of gas might limit such radial mixing of plan-
etesimals, but the gas would also induce type I migration, al-
lowing planetary embryos from the outer disk to drift inwards
toward the Habitable Zone. These embryos would also have
formed in volatile-rich regions, allowing planets in the habit-
able zone to contain more water, carbon, or other bio-critical
elements than if they were to have formed in situ. Since the
amount of orbital damping by gas appears to be limited based
on our simulation results, the influence of migration on planet
composition is likely also reduced.
Quantifying the impact of different planet formation path-
ways on planet compositions requires an understanding of
both the chemical composition in the disk as well as a model
for how the distribution of material at different distances is
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assembled into planets. As such, we are making all simulated
planetary systems discussed in this paper – complete with
their accretion history – available in the Genesis database
at http://eos-nexus.org/genesis-database/. The Genesis
database is part of a larger effort of the Earths in Other So-
lar Systems (EOS) program aimed at understanding the fre-
quency and formation of earth-like planets with bio-critical
ingredients. Such a database will be instrumental in the
search for extrasolar planets with atmospheric biosignatures
in the Solar neighborhood.
Software: NumPy (van der Walt et al. 2011) SciPy
(Jones et al. 2001–) Matplotlib (Hunter 2007) epos (Mulders
2020) KeplerPORT (Burke et al. 2015)
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